Abstract In 2 O 3 films were deposited on K9 glass by direct current magnetron sputtering with different oxygen partial pressure percentage. It is found that the films have a body-centered cubic structure, a relatively high transmission in the visible range and an optical band gap of around 3.75 eV. The conductivity of the films increases with the temperature increase up to around 470K due to the increase in the carrier concentration and then decreases due to scattering. The films are n-type and the absolute value of the Seebeck coefficient increases nearly linearly with the increase in the test temperature. The power factor of the films also roughly increases with the increase in the test temperature. It is found that oxygen partial pressure percentage has an effect on defects, electron density and Fermi level position. The films deposited with the oxygen partial pressure percentage of 80% have the best thermoelectric properties.
Introduction
Thermoelectric materials can be potentially used in power generation, solid state cooling and waste-heat recycle and therefore have recently attracted much attention etc. In 2 O 3 is a very important semiconductor since In 2 O 3 doped with Sn is widely used as transparent electrodes in electronic devices [22] . There is some theoretical [13] and experimental work about the thermoelectric properties of In 2 O 3 and its dopants [2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . There is work [5] [6] [7] [8] [9] [10] about In 2 O 3 bulk and its dopant. For example, J. Lan et al. studied the thermoelectric properties of In 2 O 3 codoped with Zn and Ge [5] . J. H. W. De Wit et al studied the thermoelectric power of In 2 O 3 bulk [6] . M. Ohtaki et al. studied the high temperature thermoelectric properties of In 2 O 3 -based mixed oxides and the applicability to power generation [7] . There is also some work about In 2 O 3 thin film and its dopant [2, [11] [12] [13] [14] [15] [16] [17] [18] . For example, V. Brinzari [2] , S.R. Sarath Kumar [17] and C.-Y. Wu [18] et al. studied the thermoelectric properties of In 2 O 3 films doped with Sn. M. Liess et al. [14] used the thermoelectric properties of In 2 O 3 film to fabricate a sensor based on the junction of In 2 O 3 film and gold. L. C. Jimenez B et al. [15] The thickness of the samples was measured by a surface profiler (Veeco Dektak 3ST) and the thicknesses of the samples deposited with an Ar flow rate of 0, 10 and 26.7 sccm were 150, 106 and 115 nm respectively. The crystal structure of the samples was studied with X-ray diffraction (XRD, D/max 2500 PC, maximum power 18 kW, Cu K α radiation). A UV/VIS spectrophotometer (Perkin-Elmer, Lambda 900) was used to measure the transmission and reflection of the samples and an integrating sphere was used for the reflection measurements. The electrical conductivity of the samples was measured using the four-probe technique (Keithley 400). The Seebeck coefficient was measured with a home-made thin-film Seebeck measurement system and the temperature gradient method (ΔV/ΔT) was used. The electromotive force (ΔV) and temperature gradient (ΔT) were measured by a couple of copper probes and thermocouples at the same positions of the samples.
Results and discussion
The XRD patterns of all the samples are shown in Fig.1 . For the three batches of samples, the only diffraction peak was located at 30.24P o and no other peaks were found. This is different from In 2 O 3 films prepared by spray pyrolysis where many more peaks were observed [11] . The peak at 30.24 o was due to the (222) reflection of body centered cubic (bcc) In 2 O 3 [11, 23, 24] . All the samples have a preferred (111) orientation. The (111) preferred orientation was also observed in pulsed-laser-deposited In 2 O 3 with GaAs as the substrate [23] . The XRD results are in agreement with those for p-type In 2 O 3 deposited on quartz glass by DC sputtering [25] . According to the XRD data and Scherer formula [11] , the grain size of the three samples is estimated to be 14.20 nm. Figure 2 Transmittance spectra of the films. The insetshows the diffuse reflectance spectra of the films.
The transmittance and diffuse reflectance spectra of all the samples are shown in Fig.2 . It can be found that below 400 nm, lower oxygen partial pressure ratio leads to similar transmittance and lower reflectance, while over 400 nm lower oxygen partial pressure ratio leads to lower transmittance and higher reflectance. This results from different atomic ratios of In to O since lower oxygen partial pressure ratio will increase the atomic ratios of In to O in the films. The transmittance spectra of all the samples are similar to those of In 2 O 3 deposited by reactive evaporation of In in an oxygen atmosphere [26] or spray pyrolysis [11] . The diffuse reflectance spectra of all the samples are similar to those of GaO 3 -In 2 O 3 -SnO 2 systems [27] . The samples have relatively high transmittance in the range of visible spectra. If both the air/film interface and film/glass interface are assumed to have the same reflectance R, the absorption coefficient α can be induced from the reflectance R, transmittance T and the film thickness [28] . Based on the relation between α , photon energy hυ and the optical band gap E g and Tauc plot, the optical band gap E g of all the samples are found to be 3.75 eV. These values are roughly in accordance with the onset of strong optical absorption of single crystalline bcc In 2 O 3 [29] but smaller than those prepared by spray pyrolysis [11] . Figure 3 shows the dependence of the conductivity on the temperature. The conductivity σ can be written as µ σ ne = where n is the density of electrons, e the charge of an electron and µ the electron mobility since Seebeck tests show that all the samples are n-type. With the increase in the temperature, the conductivity first increases and then decreases. Around 470K, the samples show the highest conductivity. Though the In 2 O 3 films were not intentionally doped, their conductivity is different from intrinsic semiconductors whose conductivity increases monotonically with the increase in the temperature. This is because there are defects in unintentionally doped In 2 [30, 31] . These defects play the role of impurities, which makes the behavior of our unintentionally doped In 2 O 3 similar to that of doped In 2 O 3 . With the temperature increase up to about 470K, more donors are excited and the density of electrons increases, which leads to the increase in the conductivity σ with the temperature increase up to about 470K. The decrease in the conductivity σ over 470K is possibly due to the decrease in the electron mobility which results from strong scattering generated by lattice vibration or grain boundary scattering. The resistivity of co-sputtering deposited In 2 O 3 increases with the increase in the temperature till the temperature is around 900K [12] . The difference between the samples deposited by co-sputtering and ours might result from different fabrication methods. Figure 4 shows the dependence of the Seebeck coefficient S of all the samples on the temperature. Since all the samples have negative Seebeck coefficients, the samples are all n-type. At 520K, the Seebeck coefficient of the samples deposited with an Ar flow rate of 10 and 26.7 sccm is about -200 µV/K and the absolute value is larger than that of the sample deposited without Ar. The absolute value of Seebeck coefficient S increases with the increase in the range of the test temperature. The temperature dependence of the Seebeck coefficient of our samples roughly agrees with those of unintentionally doped In 2 O 3 bulk [6] and In 2 O 3 :Pd nanocomposite films [12] , but disagrees with others [10, 11] , due to different range of test temperatures or different fabrication methods. Our films were sputtering deposited with a grain size of 14.20 nm as calculated and they are not granular materials [19] [20] [21] since films deposited by sputtering are usually dense enough and the grains inside the films are in close contact with each other. For a degenerate semiconductor with parabolic bands, the relation between the Seebeck coefficient S and the temperature T is
where B k is the Boltzmann constant, F E is the Fermi energy and r is the scattering index [16] . If we assume that F E and r are temperature-independent, S will change linearly with the temperature T. For the samples prepared with an Ar flow rate of 0 sccm ( Debye temperature and a free-electron-like energy band structure with a small phonon-drag term [18] . From the above formula, it can also be found that the absolute value of the slope of the S~T curve is inverse to E F and therefore the samples deposited with the O 2 partial pressure of 80% have the lowest E F and the lowest electron density with the assumption that all the samples have the same density of states. The low electron density will lead to low conductivity if it is assumed that all have the same mobility. A combination of Fig.3 and Fig.4 suggests that both high and low O 2 partial pressure percentage (such as 100% and 60%) favor the formation of donor-type defects. For the samples prepared with an Ar flow rate of 26.7 sccm ( 2 O P of 60%), the linear relation between S and T has a transition at around 500 K and the reason needs further study. Why S does not approach zero with T approaching zero for the samples prepared with an Ar flow rate of 10 sccm ( 2 O P of 80%) also needs further study. Figure 3 The dependence of the conductivity of the films on the temperature. 
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where S is the Seebeck coefficient and σ is the conductivity. The power factors of our samples roughly increase with the increase in the temperature, which is similar to those of undoped In 2 O 3 and Pd doped In 2 O 3 films [12] or undoped In 2 O 3 and Co doped In 2 O 3 bulk [10] . The power factors of our samples are slightly smaller than those of undoped In 2 O 3 [12] at the same temperature, possibly due to different fabrication methods. At the same temperature, the power factors of our undoped In 2 O 3 films are smaller than tin doped In 2 O 3 films [2] and cobalt doped In 2 O 3 bulk [10] , suggesting that doping In 2 O 3 with tin or cobalt can improve the power factors. Comparing  Fig.4 and Fig.5 , we can find that both the Seebeck coefficient S and the power factor σ 2 S possess a similar behavior with the increase in the temperature. This implies that with the increase in the temperature, the increase in the squared Seebeck coefficient S 2 is much greater and almost cancels the decrease in the conductivity σ when the temperature is around or over 470K.
The figure of merit (zT) is defined by
where σ 2 S is the power factor, T is the temperature and κ is the thermal conductivity [32] . If the thermal conductivity of phonons is ignored, κ will be only from electrons and equal to T Lσ where L is the Lorenz factor (2.4×10 -8 J 2 K -2 C -2 ) [32] . In this case, zT will be L S / 2 and proportional to 2 S . With the assumption that this model is also true for our samples and with the data from Fig.4 , zT of the films deposited with 2 
O
P of 80% will be around 1.7 at 520K. Figure 5 The dependence of the power factors of the films on the temperature.
Conclusion
We used direct current magnetron sputtering to deposit In 2 O 3 films with different oxygen partial pressure percentage and studied their thermoelectric properties. XRD shows that the crystal structure of the films is body-centered cubic and all the films have a preferred orientation of (111). The visible range transmission of the samples is around 75% and the optical band gap was calculated to be around 3.75eV. In the range of the temperature measured, the conductivity of the films increases with the temperature increase, reaches the maximum at about 470K due to the increase in the electron density and then decreases due to increased scattering. Seebeck effect shows that all the samples are n-type and the absolute value of the Seebeck coefficient increases with the increase in the temperature. The power factors of the films also increase with the increase in the temperature. It is found that high oxygen partial (such as 
